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Abstract—In this paper, a high-efficiency and compact
AlGaN/GaN heterojunction field-effect transistor (HFET) power
amplifier integrated with a microstrip antenna at 7.25 GHz is
presented for RF front-end circuit applications. A microstrip
circular sector antenna is employed as both a radiator and fre-
quency-dependent output load. Higher order harmonics from the
HFET in nonlinear operation are reactively terminated because
of the harmonic termination characteristic of the antenna. Based
on the optimum load impedance measured by a load—pull mea-
surement setup, the AIGaN/GaN HFET power amplifier has been
designed and fabricated at 7.25 GHz using the active integrated
antenna concept. In this design approach, the measured antenna
impedanceisdirectly transformed to the optimum load impedance
for maximum efficiency. The power amplifier with 1-mm gate
periphery shows 42% peak power-added efficiency and 30.3-dBm
saturated output power with a linear gain of 8 dB, which is
in reasonably good agreement with measured discrete HFET
load—pull data. Due to the antenna’s characteristics, better than
30-dB harmonic suppression has been achieved at both the second
and third harmonic frequenciesin both the E- and H-planes. To
the authors' best knowledge, this is the first demonstration of a
high-frequency AlGaN/GaN HFET power amplifier integrated
with an antenna.

Index Terms—Active integrated antenna (AlA), AlGaN/GaN,
heterostructure field-effect transistor (HFET), harmonic
termination, load—pull, microstrip circular sector antenna,
power -added efficiency (PAE), power amplifier, radiation pattern.

I. INTRODUCTION

OR HIGH-FREQUENCY and high power-amplifier

applications, the AlGaN/GaN heterojunction field effect
transistors (HFETS) have shown remarkable potential since
the first demonstration of a GaN-based HFET was done on
a sapphire substrate in 1993 [1]-{3]. This is due to the high
breakdown voltage and high carrier velocity, as well as good
thermal conductivity of the HFET. The HFETSs on a sapphire
substrate are commercially attractive due to the low cost of
growing the heterojunction epitaxial layer on a larger wafer.
This provides potential applications for the commercial im-
plementation of AlGaN/GaN HFET monolithic microwave
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integrated circuits (MMICs). On the other hand, the HFETs
on SIC offer better performance because of higher thermal
conductivity and better crystal quality compared to that of the
sapphire substrate. Thanksto steadfast progressin AlGaN/GaN
HFET technologies, impressive improvements have been
achieved [1]-{3], alowing emerging advancements to arise in
microwave and millimeter-wave system applications.

In advanced wireless communication and phased-array
radar systems, which require highly compact and lightweight
transmitters, power amplifiers are one of the most important
circuit components. Since the power amplifier consumes the
majority of the dc power in the transmitter, much attention has
to be paid to maximizing the efficiency of the power amplifier.
High-efficiency power amplifiersalow smaller and lightweight
power sources, longer battery lifetimes, and reduced cooling
requirements. Over the past years, high-efficiency power
amplifiers have been investigated and realized via controlling
higher order output harmonics from the nonlinear active device
[4]-7]. High-efficiency operation ideally occurs when the
harmonics of the output voltage have the right magnitudes and
phases to form a sguare wave. This effect can be realized by
placing short circuits at the even harmonics and open circuits at
the odd harmonics [5], [6]. Specifically, the second harmonic
is designed to be short circuited, while the third harmonic is
open circuited, making the output voltage waveform closer
to a sguare waveform. In [7], high efficiency was achieved
by terminating higher order harmonics reactively so that only
fundamental signal power is delivered to the output load, while
other higher order harmonics are reflected reactively. When the
power amplifier is connected with a transmitter antenna, most
of these widely used design methodologies inevitably suffer
from cable or feedline losses. For the power amplifier that is
operating at the saturated output power range, the loss of even
a small amount of power from the cable or feedline degrades
the total system efficiency. For high-performance RF front-end
applications, a new power-amplifier design methodology based
on the active integrated antenna (A1A) design concept has been
proposed and demonstrated [8]-{10].

Unlike conventional transmitters, which assume a 50-§}
interface, in the AIA design approach, both the active device
with input matching network and the antenna are treated as a
single entity. The antenna, which operates as both a radiating
element and a frequency-dependent output load in the circuit,
provides various circuit functionalities such as filtering and
harmonic tuning. This results in a functional compact design,
diminating the effect of any cable and feedline loss asso-
ciated with the use of an external antenna that would affect

0018-9480/03%$17.00 © 2003 |IEEE



654 |IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 2, FEBRUARY 2003

4

f
Qutput 0
Matching
o .

[
|
I
|

z

ANT

A4 (f)

Input
Matching

AlGaN/GaN
HFET
RF Source
(f)

|
VGS I
I
I

Z =2Z,, (f)

Fig.1. Schematic of the AIGaN/GaN HFET power amplifier integrated with a
microstrip antenna as a RF front-end application. Measured antennaimpedance
(Zan) is directly transformed to optimum load impedance (Zopr) for
efficiency.

overal system efficiency and output power. In this paper, the
AlGaN/GaN HFET power amplifier integrated with an antenna,
as shown in Fig. 1, is demonstrated for high-efficiency and
compact RF front-end applications. Based on the AIA design
concept, the measured passive antenna impedance (Zant) is
directly transformed to the optimum load impedance (Zopr)
for maximum efficiency. Recently, high-performance RF
front-end circuits using the AIA design concept have been
reported. Deal et al. demonstrated AIA push—pull GaAs FET
power amplifiers at 2.5 and 2.46 GHz. Peak power-added
efficiency (PAE) of 55% and 63% was demonstrated at 25-
and 26-dBm output powers, respectively [8]. Radisic et al.
showed a high-efficiency GaAs FET amplifier for wireless
applications. A maximum PAE of 63% and output power of
24.4 dBm were reported at 2.55 GHz [9]. Hang et al. presented
GaAs FET push—pull power amplifier with 60.9% peak PAE
and 28.2-dBm output power at 4.15 GHz [10]. Unlike AlAs
with a commercial GaAs-based FET presented in the literature
[8]{10], when a commercial large-signal device model is
not available, the large-signal behavior of an FET has to be
accurately characterized to maximize PAE and output power.
As an empirical technique, load—pull measurement has been
successfully used for this purpose [2], [11].

In this paper, the first 7.25-GHz high-efficiency and compact
AlGaN/GaN HFET power amplifier integrated with an antenna
has been devel oped for RF front-end applications by employing
the AIA design concept. A load—pull measurement technique
was utilized to accurately evaluatethe Zopr of the AIGaN/GaN
HFET and design a power amplifier. The microstrip circular
sector antenna printed on a high dielectric-constant substrate
was employed so that harmonic power was efficiently sup-
pressed by the antennaitself without additional tuning circuits.
This resulted in a highly efficient and compact AlGaN/GaN
HFET power amplifier. The AlGaN/GaN HFET technology
is presented in Section Il, followed by the circuit design
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Fig.2. DCI-V characteristic for a1-mm-wide AlIGaN/GaN HFET with and
without a metal heat sink.

and fabrication of the antenna integrated AlGaN/GaN HFET
power amplifier in Section 1l1. The experimental results and
discussions are described in Section IV.

II. AlGaN/GaN HFET TECHNOLOGY

The AlGaN/GaN HFET layer structure was grown using
metallic organic chemical vapor deposition (MOCVD).
The HFET epitaxial layer was composed of an undoped
50-A Alg.5Gay.7sN layer followed by 150-A Si-doped to
a 415 x 10" cm™3 Alg.25Gag 75N layer that provides
two-dimensional electron gas, 30-A undoped Alg.25Gao 75N,
and 1-pzm intrinsic GaN buffer layers grown on an SiC sub-
strate. The AIGaN/GaN HFET fabrication process includes
ohmic metallization formed by Ti/Al/Ni/Au with 900 °C and
40-s rapid thermal annealing, yielding a typical resistance of
0.4 -mm[12]. Deviceisolationisrealized by ionimplantation
using Ast and Het, followed by a gate metallization process
utilizing a Pd/Au bilayer and SisN, passivation. An air-bridge
process compl etes the fabrication. The drain-to-source space of
the HFET was 3 um, while the gate-to-source space was 1 im.
In Fig. 2, the measured I-V characteristics are shown for a
1-mm-wide AlGaN/GaN HEFET grown on an SiC substrate
with and without ametal heat sink under the device. A saturated
drain current (Ipss) of 640 mA and knee voltage of approxi-
mately 3 V were observed without the heat sink. With the heat
sink, on the other hand, the Inss was increased to 800 mA
due to heat dissipation through the heat sink. Gate-to-drain
breakdown voltage is typically around 40 V for these devices.
From the measured frequency characteristic of the HFET with
a gate length of 0.25 um, a 25-GHz cutoff frequency and
30-GHz maximum oscillation frequency were recorded at a
drain voltage (Vns) of 18 V and a gate voltage (Vgs) of —3 V.

[1l. CiIrRcuIT DESIGN AND FABRICATION

The power amplifier was designed at 7.25 GHz using Ag-
ilent Technologies ADS simulator. A load—pull measurement
to extract Zopr for maximum efficiency from the HFET with
1-mm gate periphery and 0.25-m gate length was done using
the Maury Microwave load—pull measurement setup. For the
load—pull measurement, bias voltages were set as Vps = 18 V
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Fig. 3. Measured load—pull large-signal performance with Zopr load

impedance for a 1-mm-wide AlGaN/GaN HFET.
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Fig. 4. Resonant characteristic of the microstrip circular sector antenna on an
RT/Duroid substrate with a dielectric constant of 10.2 and athickness of 10 mil
(Zn = ZANT)-

and Vs = —5 V, which corresponds to close to device pin-
choff operating condition. The measured load—pull large-signal
performance with Zopr load impedance for a 1-mm-wide de-
vice is shown in Fig. 3. The saturated output power reaches
1.48 W/mm. The associated power gain of 8.7 dB and peak PAE
of 45% are observed.

Themicrostrip circular sector antennawith a120° cut-out has
the interesting characteristic not to exhibit radiating modes at
higher order harmonics of the first resonant frequency [9], [13].
The cut-out circular sector antenna thus provides an efficient
way to suppress higher order harmonic power as compared to a
rectangular-type patch antenna. The microstrip circular sector
antenna was designed at 7.25-GHz operating frequency, which
isdlightly off the exact resonant frequency, enabling easy output
matching to avoid the high impedance at the exact resonant
frequency. The designed antenna was fabricated on a Duroid
substrate with a dielectric constant of 10.2 and a thickness of
10 mil. The resonant characteristic of the microstrip circular
sector antenna is shown in Fig. 4. Clearly, no power radiation
characteristic at higher order harmonics is observed from the
Zant in Fig. 4. The ZynT was then embedded into the
simulator as one-port data at the final output terminal instead
of a 50-Q2 load in the design of the conventional amplifiers.
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Fig. 5. Photograph of the AIGaN/GaN HFET power amplifier integrated with
the microstrip circular sector antenna on the test jig.

Since the output matching is critical in determining the output
power and efficiency, the circuit design was carefully done. In
this study, the measured Z st is directly transformed to the
Zopr for optimum efficiency at the fundamental frequency,
bypassing the conventiona intermediate 50-C2 line stage. No
additional output matching network is needed to tune higher
order harmonics due to the intrinsic harmonic termination
characteristics of the antenna. Thus, the signal power at the
fundamental frequency is radiated through the antenna while
signal power at higher order harmonicsisnot dueto the reactive
termination. The designed output matching network including
a bias circuit was fabricated on the RT/Duroid substrate with
a dielectric constant of 10.2 and a thickness of 10 mil.
The input matching circuit was designed to transform the
low gate impedance of the HFET to 50-2, the same as done
in the design methodology of conventional amplifiers. The
input matching circuit was built on the Alumina substrate
with a dielectric constant of 9.8 and a thickness of 15 mil.
The fabricated individual input and output matching integrated
with an antenna, as well as the AlGaN/GaN HFET were
combined and mounted on atest jig. The metal fixture efficiently
dissipates heat generated from the AlGaN/GaN HFET so that
accurate power performance measurements can be made. We
have also considered the effect of the Au bonding wire by
factoring in an equivalent inductance [14]. A photograph of
the fabricated AlGaN/GaN HFET power amplifier integrated
with the microstrip circular sector antenna is shown in Fig. 5.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Since the circuit is terminated with a radiator rather than a
50-92 load, the measurement of this circuit is much more com-
plicated when compared to astandard activecircuit. To correctly
evaluate the output performance of the power-amplifier inte-
grated antenna, care must be taken to calibrate the measurement
setup systematically. Employing the Friis transmission equa-
tion (1) [15], the measurements in an anechoic chamber have
been donein the following order [8]10]. First, to deembed the
antenna gain and mismatch loss, measurement of the passive
microstrip circular sector antenna as a reference is done in the
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broadside direction. The passive antennais then replaced by the
power amplifier integrated with the same type of antenna and
the measurement is repeated in the same direction. While com-
pensating for the measured mismatch loss and the antenna gain
from the measurement data of the passive antenna, all output
performance of the power amplifier is correctly obtained. Note
that, for al of these measurements, the cable loss and receiving
antenna gain are accounted for as follows:

2
(1 - [rm[?) ey
47

@
In (1), P isthe power received by the spectrum analyzer
and P,,_preT represents the available power from the output
of theHFET. I';,.ns and I, arereflection coefficients of trans-
mitting and receiving antennas to quantify the mismatch losses,
respectively. By considering both P,, _grrr and the transmit-
ting reflection coefficient, the delivered power to the antenna
can be obtained as the output power of the AIGaN/GaN HFET
power amplifier. In addition, G; and G,. are the transmitting and
receiving antennagain and \? /47 R? represents free-space loss.
Based on the measurement technique, large-signal mea
surements for the antenna integrated AIGaN/GaN HFET
power amplifier mounted on the test jig were performed
in the anechoic chamber using a microwave synthesizer in
conjunction with a microwave amplifier as a power source to
provide sufficient drive power. A spectrum analyzer was used
to monitor oscillations over the entire frequency range during
the measurement to confirm the stability of the power amplifier.
The HFET was first biased at Vpg of 18 V and Vgg of -5V,
the same as in the load—pull measurement bias setup. In Fig. 6,
the measured PAE, output power, and gain are shown as a
function of input power for the power amplifier at 7.25 GHz.
PAE of 42% at an input power level of 23- and 30.3-dBm
output power with 8-dB linear gain are observed. These
measured data show reasonably good agreement with discrete
HFET device load—pull measurements, as shown in Fig. 3.
Compared to the measured discrete device load—pull data, the
deviation can be attributed to circuit fabrication variation such
as imperfections in etching of the matching circuits and con-
nections and inaccurate bonding wire length, which may affect
circuit performance. Poor thermal management can especialy
be one of main reasons for measurement discrepancies. The
device is active for a longer period of time in the anechoic
chamber measurements with a relatively small heat sink under
the device, while load—pull power sweep measurements are
performed much faster while using a chuck as a better heat
sink. The large-signal performance with respect to frequency
is shown for the power amplifier in Fig. 7. Peak PAE from
26% to 42% is observed for output power ranging from 28-
to 30.3-dBm output power at an input power of 23 dBm. The
relatively narrow frequency bandwidth can be explained by the
resonant characteristic of the microstrip circular sector antenna,
which ideally radiates at single designed resonant frequency.
In Fig. 8, the Vps dependent large-signal performance of the
power amplifier at 7.25-GHz and 23-dBm input driving power
is shown. Output power continuesto increase up to 30.5 dBm at
25V, while efficiency decreases. 45% peak PAE is observed at
15V. Thistrend can be explained by dc power consumption and
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the AlGaN/GaN HFET power amplifier integrated with the microstrip circular
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consequent thermal degradation encountered when choosing
different operating conditions.

High-efficiency power amplifiers, which are normally biased
at class AB or class B, generate substantial higher order
harmonics. For a power amplifier integrated with an antenna,
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power amplifier integrated with the microstrip circular sector antenna.

these harmonics can radiate out through the antenna and overall
system performance can be significantly degraded by these
undesired higher order harmonics. In this study, high-efficiency
performance has been realized via suppression of the higher
order harmonics by employing the microstrip circular sector
antenna. The higher order harmonic suppression characteristics
of the power amplifier can be observed by measuring the
second and third harmonic radiation. Figs. 9 and 10 show the
H- and E-plane radiation patterns at fundamental, second,
and third harmonics, respectively. The measurement was done
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at the input power level corresponding to the peak PAE and
the maximum power was normalized to 0 dB. As shown in
Figs. 9 and 10, second and third harmonic suppression better
than 30 dB has been measured in both the H- and E-planes.
Note that, in this measurement, output power levels at al the
frequencies were referred to the reference plane at the output of
the AlIGaN/GaN HFET power amplifier. Thisis done by taking
into account the cable and free-space |osses, receiving antenna
gain, and mismatch loss at the corresponding frequencies.

The compactness of the implemented AlGaN/GaN HFET
power amplifier integrated with the microstrip circular sector
antenna is redlized by employing 10.2-high dielectric-con-
stant substrate, as well as the AIA design approach, which
eliminates the unnecessary connecting components between
the power amplifier and antenna in conventional transmitters.
As GaN-based device technology matures, a power amplifier
integrated with an antenna or a transmitter in next-generation
wireless systems will be able to be integrated together on a
sapphire substrate with a high dielectric constant of 11.6 in
parallel and 9.4 in the perpendicul ar direction.

V. CONCLUSION

In this study, the first AIGaN/GaN HFET power amplifier
integrated with a microstrip antenna for RF front-end applica-
tions has been developed at 7.25 GHz based on the measured
optimum impedance Zopr by aload—pull measurement setup.
The microstrip circular sector antenna that effectively radiates
the fundamental frequency signal while simultaneously sup-
pressing higher order harmonic radiation was integrated with
the AIGaN/GaN HFET based on the AIA design concept. This
enabled a compact power-amplifier design, which was further
enhanced by using a high dielectric-constant substrate. The
compact size enables potential implementation of AlGaN/GaN
HFET MMICs for compact transmitters in next-generation
microwave wireless systems.

A peak PAE of 42% and the output power of 30.3 dBm
with linear gain of 8 dB have been achieved from the antenna
integrated AlGaN/GaN HFET power amplifier with 1-mm gate
periphery at 7.25 GHz. These measured PAE, output power,
and gain of the power amplifier designed at a load impedance
of Zopr agreed reasonably well with load—pull measurement
of the HFET discrete device. Up to 45% in PAE and 30.5 dBm
in output power were achieved by varying the Vpg dc-bias
conditions in the 15-25-V range. Peak PAE greater than 26%
and output power greater than 28 dBm are maintained over
the considered frequency bandwidth. Due to the harmonic
termination characteristics of the microstrip antenna, radiation
power levels at the second and third harmonics are suppressed
by better than 30 dB in both the E- and H-planes. This study
has demonstrated that, with proper harmonic termination,
AlGaN/GaN HFETs can be successfully used to produce
high-efficiency power amplifiers required for phased-array
radar and wireless communication systems. Power-amplifier
design based on the AIA concept has been shown to provide
an efficient and successful method for the design of high-effi-
ciency and compact AlGaN/GaN HFET power amplifiers. In
addition, the anechoic chamber measurement technique verifies
the design methodology using load—pull measurement.
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